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Abstract
 .  . 2qMitochondrial permeability transition MPT induced by the thiol cross-linker phenylarsine oxide PhAsO in Ca -de-
pleted mitochondria incubated in the presence of ruthenium red, an inhibitor of the Ca2q uniporter, is stimulated by the
addition of extramitochondrial Ca2q. The presence of extramitochondrial Ca2q stimulates the reaction of mitochondrial
membrane protein thiol groups with PhAsO. Both Ca2q-induced increase in mitochondrial membrane permeabilization and
 . 2qprotein thiol group reaction with PhAsO are dependent on time 5–10 min to be complete and the concentration of Ca
 .  . 2q1–25mM . Mitochondrial permeabilization induced by PhAsO 15mM and extramitochondrial Ca is inhibited by ADP,
cyclosporin A, dibucaine and Mg2q, while mitochondrial permeabilization induced by high concentrations of PhAsO
 . 2q60 mM in the absence of Ca is inhibited only by ADP and cyclosporin A. These results suggest that dibucaine and
Mg2q can inhibit mitochondrial permeabilization by antagonizing the effect of Ca2q on the mitochondrial membrane. Once
mitochondrial permeabilization induced by 15mM PhAsO and extramitochondrial Ca2q has already occurred, the addition
2q  .of the Ca chelator EGTA restores mitochondrial membrane potential MPT pore closure , suggesting that the presence of
2q  .Ca is essential for the maintenance of the permeability of the mitochondrial membrane to protons MPT pore opening . In
conclusion, the results presented indicate that low Ca2q concentrations acting at the external side of the inner mitochondrial
membrane can stimulate mitochondrial permeability transition induced by PhAsO, due to increased accessibility of protein
thiol groups to the reaction with PhAsO and increased probability of MPT pore opening. q 1997 Elsevier Science B.V.
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1. Introduction
Oxidative alterations of the inner mitochondrial
membrane are often associated to initial events of cell
damage in a variety of pathological states which
include ischemiarreperfusion and xenobiotic poison-
w xings 1–5 . In these situations, the oxidation of com-
ponents of the mitochondrial inner membrane may
promote a nonspecific membrane permeabilization,
with impairment of essential mitochondrial functions,
w xsuch as oxidative phosphorylation of ADP 2–6 .
Most of these oxidative alterations are associated to
an increase in intracellular Ca2q levels, with uptake
2q w xand accumulation of Ca by mitochondria 2–6 . A
frequently studied Ca2q-dependent alteration of the
mitochondrial membrane is the mitochondrial perme-
 .ability transition MPT . MPT is described as a non-
specific permeabilization of the mitochondrial inner
membrane inhibited by the immune suppressor cy-
 w x.closporin A for review, see Ref. 7 . This permeabi-
lization is associated to the oxidation of mitochon-
w xdrial membrane protein thiol groups 2–5,8,9 , and
leads to loss of mitochondrial membrane potential,
uncoupling between respiration and oxidative phos-
phorylation, large amplitude mitochondrial swelling
w xand even loss of matrix proteins 7 .
In a situation of mitochondrial oxidative stress, the
accumulation of mitochondrial-generated reactive
 .oxygen species ROS leads to membrane protein
w xthiol oxidation and cross-linkage 6,8,10 . The accu-
mulation of ROS in the mitochondrial matrix can be
promoted by a stimulation in ROS production at the
respiratory chain or a depletion of mitochondrial
antioxidant defense, mainly glutathione and NADPH
w x8 . In vitro, MPT can be induced both by increasing
mitochondrial oxygen free radical accumulation and
w xby thiol cross-linkers 7 . Thiol cross-linkers are par-
ticularly interesting for the study of the role of Ca2q
in MPT because they react directly with membrane
protein thiol groups, and do not depend on mitochon-
drial ROS accumulation. A widely used thiol cross-
 . w xlinker is phenylarsine oxide PhAsO 7,9,11–14 ,
that can induce MPT both in the presence or absence
of Ca2q, when high concentrations of this reagent are
w xused 12 . We have previously shown the first evi-
dence that the induction of MPT by PhAsO is stimu-
lated by the presence of extramitochondrial Ca2q and
does not require the presence of Ca2q in the mito-
w xchondrial matrix 9 . In this report, we show that
extramitochondrial Ca2q decreases the concentration
of PhAsO required to induce MPT by increasing the
affinity of the cross-linker with mitochondrial mem-
brane protein thiol groups andror increasing the
probability of MPT pore opening.
2. Materials and methods
2.1. Isolation of rat li˝er mitochondria
Mitochondria were isolated by conventional differ-
ential centrifugation from the livers of adult Wistar
rats fasted overnight. The homogenate was prepared
in 250 mM sucrose, 1.0 mM EGTA, and 5.0 mM
Hepes buffer, pH 7.2. The mitochondrial suspension
was washed twice in the same medium containing
0.1 mM EGTA, and the final pellet was diluted in
250 mM sucrose to a protein concentration of 80–
100 mgrml.
2.2. Standard incubation procedure
The experiments in Figs. 1–4 and Tables 1 and 2
were carried out at 308C in a standard reaction
medium containing 125 mM sucrose, 65 mM KCl,
10 mM Hepes buffer pH 7.2, 5mM Ca2q, 1 mM
FCCP and 200 nM antimycin A. Other additions are
indicated in the figure legends. The results shown are
representative or averages of a series of at least three
experiments.
2.3. Determination of membrane protein thiol content
The mitochondrial suspension, incubated in stan-
dard reaction medium, was submitted to three subse-
quent freeze-thawing procedures to release matrix
proteins and was then centrifuged during 2 min at
10 000 rpm in a 5415 C Eppendorf Centrifuge. The
pellet was treated with 200 ml of 6.5% trichloroacetic
acid and centrifuged at 10 000 rpm during 2 min in
order to precipitate the protein. This procedure was
repeated two times. The final pellet was suspended in
1 ml of a medium containing 0.5% sodium dodecyl
sulfate, 0.5 mM EDTA, 0.5 M Tris, pH 8.3 and
 .  .100 mM 5,5-dithio-bis 2-nitrobenzoic acid DTNB
w x15 . Absorption was measured at 412 nm, using glu-
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Fig. 1. Measurement of intramitochondrial Ca2q content with
 .fura-2. RLM 0.5 mgrml loaded with fura-2 were added to
standard reaction medium in the presence of 25mM EGTA, and
after 2 min the fluorescence excitation spectrum was determined
 .as described in Section 2 line a . Subsequently, the following
additions were made, separated by 2 min periods: 1mM RR line
. 2q 2qb , Ca , in order to obtain a free Ca concentration of 25mM
 .  .line c and 2 mM ionomycin line d . Line e represents a
spectrum of mitochondria incubated 2 min in the presence of
Ca2q in order to obtain a free Ca2q concentration of 25mM and
in the absence of RR.
tathione for calibration. Control experiments show
that Ca2q, dibucaine and Mg2q did not alter the
 .reactivity of PhAsO with glutathione. The thiol –SH
reaction with PhAsO was defined as the difference
between the total mitochondrial thiol content and the
thiol content obtained in the presence of PhAsO.
Values were expressed as nmol –SHrmg protein.
2.4. Determination of mitochondrial swelling
Mitochondrial swelling was estimated from the
decrease in the absorbance at 520 nm measured in a
SLM Aminco DW2000 spectrophotometer SLM In-
.struments, Urbana, IL, USA .
2.5. Loading of mitochondria with fura-2 and mea-
surement of mitochondrial matrix Ca2q content
To load mitochondria with the fluorescent Ca2q
indicator fura-2, 50 mg proteinrml of mitochondria
were incubated for 30 min at 358C in 240 mM su-
crose, 10 mM Hepes buffer, pH 7.4, 0.1 mM EGTA,
1 mgrml bovine serum albumin and 10 mM fura-
2rAM. The suspension was then diluted 10–15 fold
in the final suspension medium 240 mM sucrose and
2q  .Fig. 2. Effect of extramitochondrial Ca on PhAsO-induced mitochondrial swelling Panel A and membrane protein thiol reaction with
 .  .PhAsO Panel B . Rat liver mitochondria RLM – 0.5 mgrml were added to standard reaction medium in the presence of 25mM EGTA
 2q .  .free Ca concentration -0.01 mM and incubated for 10 min. RR 1 mM and PhAsO were added after 1 and 2 min of mitochondrial
 . 2qincubation, respectively. For the experiments represented by squares B , Ca was added together with PhAsO in order to obtain a free
Ca2q concentration of 25mM. 100% swelling was defined as the maximum absorbance decrease obtained at 520 nm. In control
conditions, mitochondrial membrane protein thiol content is 52 nmolsrmg protein.
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.10 mM Hepes buffer, pH 7.4 at 4 8C, centrifuged and
washed twice in the same medium, in order to elimi-
nate free fura-2rAM. The final mitochondrial pellet
was diluted in the suspension medium to obtain a
protein concentration of 40–50 mgrml.
Excitation fluorescence spectra of fura-2 loaded
mitochondria were recorded on a model F-4010 Hi-
 .tachi spectrofluorometer Hitachi, Tokyo, Japan op-
erating at an emission wavelength of 510 nm, with a
slit width of 5 nm.
2.6. Measurement of mitochondrial membrane poten-
tial
Mitochondrial membrane potential was estimated
 .through fluorescence changes of safranine 5mM
w x16 , recorded on a model F-4010 Hitachi spectro-
fluorometer operating at excitation and emission
wavelengths of 495 and 586 nm, with a slit width of
5 nm. Membrane potential was calculated according
˚ w xto Akerman and Wilkstrom 17 and Vercesi et al.¨
w x18 using a calibration curve obtained when mito-
chondria were incubated in a Kq-free reaction medium
containing 250 mM sucrose, 10 mM Naq–Hepes
buffer pH 7.2 and 0.5 mM EGTA. The extent of
Fig. 3. Effect of increasing extramitochondrial Ca2q concentra-
 .tions on PhAsO-induced mitochondrial swelling v and mem-
 .  .brane protein thiol reaction with PhAsO B . RLM 0.5 mgrml
were added to standard reaction medium in the presence of
 .25mM EGTA and incubated for 10 min. RR 1mM and 15mM
PhAsO were added after 1 and 2 min of mitochondrial incubation,
respectively. Ca2q was added together with PhAsO in order to
obtain the free Ca2q concentrations indicated.
Fig. 4. Mitochondrial swelling induced by PhAsO in the presence
 .  . 2qPanel A or absence Panel B of Ca : effect of MPT in-
 .hibitors. RLM 0.5 mgrml were added to standard reaction
 .medium in the presence of 25mM EGTA and a 1mM cy-
 .  .  .closporin A, b 300 mM ADP, c 200 mM dibucaine, d 5 mM
2q  .  .  .Mg or e no additions. RR 1mM , 15mM PhAsO Panel A
 . 2q  .or 60 mM PhAsO Panel B and Ca Panel A , in order to
obtain the free Ca2q concentration of 25mM were added where
indicated. The dotted line represents an experiment in the condi-
 . 2qtions of line e Panel A , in which no Ca was added.
fluorescence changes of safranine induced by mito-
chondrial membrane potential were similar in the
standard and Kq-free medium.
2.7. Materials
ADP, arsine oxide, cyclosporin A, dibucaine,
DTNB, EGTA, fura-2rAM, Hepes, PhAsO, RR and
 .safranine were obtained from Sigma St. Louis, MO .
All other reagents were commercial products of the
highest purity grade available.
3. Results
In this study, deenergized mitochondria were incu-
bated in the presence of the Ca2q chelator EGTA and
then treated with ruthenium red, an inhibitor of the
mitochondrial Ca2q uniporter, in order to eliminate
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Table 1
PhAsO-induced decrease in thiol content of solubilized mitochon-
drial membrane proteins
 .Additions Absorbance 412nm
a100 mM EGTA 0.771"0.026
2q 2q .25mM Ca free Ca concentration 0.774"0.038
100 mM EGTAq15mM PhAsO 0.516"0.015
2q25mM Ca q15mM PhAsO 0.522"0.020
a Values represent average of 3 experiments"S.D.
 .RLM 1 mg were incubated in 1 ml of standard reaction medium
containing additions indicated in the table and in the presence of
0.1% sodium dodecyl sulfate. After 10min, 1 ml of 13% tri-
chloroacetic acid was added in order to precipitate proteins, and
the mitochondrial membrane protein thiol content was deter-
mined as described in Section 2.
intramitochondrial Ca2q and inhibit the movement of
extramitochondrial Ca2q into the mitochondrial ma-
trix. Measurements of intramitochondrial Ca2q con-
centration using the fluorescent Ca2q probe fura-2
 .Fig. 1 show that, in this situation, the addition of
extramitochondrial Ca2q in order to obtain a free
Ca2q concentration of 25mM does not result in
significant alterations in excitation spectrum of fura-2
 .line c , when compared with a experiment in the
2q  .absence of added Ca line b , indicating no in-
crease in the intramitochondrial Ca2q content. In the
experimental conditions of line c, intramitochondrial
Ca2q increased only when the Ca2q ionophore iono-
 .mycin was added line d , or when RR was absent
 .line e , as indicated by an increase of fluorescence
w xintensity at 340 nm and decrease at 380 nm 19 .
 .Fig. 2 A shows nonspecific mitochondrial mem-
brane permeabilization due to MPT, measured as
mitochondrial swelling, induced by the addition of
 .  .PhAsO in the presence B or absence v of added
2q  2qextramitochondrial Ca free Ca concentrations
.25mM for B, and -0.01 mM for v . We observed
 .that both mitochondrial swelling panel A and mem-
 .brane protein thiol reaction with PhAsO panel B
were increased significantly in the presence of extra-
mitochondrial Ca2q. At a PhAsO concentration of
15mM in the presence of 25mM Ca2q, mitochondrial
swelling was increased by 140% and protein thiol
reaction with PhAsO by 98%. Similar results were
obtained using higher concentrations of RR 2–
. 2q q10 mM or including an inhibitor of the Ca rH
w x  .antiporter, lasalocid-A 20 results not shown . Fig. 3
 .shows that mitochondrial swelling v and protein
Table 2
PhAsO-induced decrease in mitochondrial membrane protein thiol content: effect of permeability transition inhibitors
 .Initial conditions 2 min 3 min Absorbance 412 nm
a100 mM EGTA y y 0.454"0.011
100 mM EGTA 15mM PhAsO y 0.346"0.008
2q100 mM EGTAq5 mM Mg 15mM PhAsO y 0.339"0.017
100 mM EGTAq200 mM dibucaine 15mM PhAsO y 0.342"0.012
100 mM EGTAq300 mM ADP 15mM PhAsO y 0.382"0.006
100 mM EGTAq1 mM CsA 15mM PhAsO y 0.348"0.013
100 mM EGTA 60 mM PhAsO y 0.248"0.008
2q100 mM EGTAq5 mM Mg 60 mM PhAsO y 0.251"0.010
100 mM EGTAq200 mM dibucaine 60 mM PhAsO y 0.248"0.007
100 mM EGTAq300 mM ADP 60 mM PhAsO y 0.329"0.014
100 mM EGTAq1 mM CsA 60 mM PhAsO y 0.249"0.012
2q b25mM EGTA 15mM PhAsO 40 mM Ca 0.245"0.005
2q 2q25mM EGTAq5 mM Mg 15mM PhAsO 40 mM Ca 0.349"0.008
2q25mM EGTAq200 mM dibucaine 15mM PhAsO 40 mM Ca 0.357"0.018
2q25mM EGTAq300 mM ADP 15mM PhAsO 40 mM Ca 0.396"0.010
2q25mM EGTAq1 mM CsA 15mM PhAsO 40 mM Ca 0.249"0.005
a Values represent average of 3 experiments"S.D.
b Free Ca2q concentrations25mM
 .The experimental conditions were similar to those in Fig. 4. RLM 0.5 mgrml were added to the standard reaction medium containing
additions indicated in the table. After 1 min, 1 mM RR was added to all experiments. Further additions are indicated in the table.
Mitochondrial membrane protein thiol content was determined as described in Section 2, after 10 min of incubation.
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 .thiol reaction with PhAsO B are stimulated by
2q  .increasing Ca concentrations 1–25 mM . This
Ca2q-induced increase in mitochondrial membrane
protein thiol reaction with PhAsO is time-dependent,
and is complete in about 5–10 min results not
. 2qshown . In the absence of added Ca , protein thiol
reaction with PhAsO is slower and less extensive.
Extramitochondrial Ca2q at a concentration of 25mM
also increased mitochondrial swelling induced by
20 mM arsine oxide, a thiol cross-linker and analogue
of PhAsO, by 205%. Protein thiol reaction with
arsine oxide was 97% more extensive in the presence
of extramitochondrial Ca2q.
 w x.In a previous report see Table 2 in ref. 9 , we
have shown that the treatment of mitochondria with
2q  .very high concentrations of Ca 500 mM in the
absence of RR does not modify mitochondrial mem-
brane protein thiol content in the presence of PhAsO.
This apparent inconsistency with our present results
is explained considering that in the absence of RR,
accumulation of high concentrations of intramito-
chondrial Ca2q could orient membrane thiol groups
to a more hydrophilic phase, decreasing their reactiv-
w xity with PhAsO 9 . On the other hand, in this
 2q .condition 500 mM Ca and absence of RR extra-
mitochondrial Ca2q could stimulate the reaction of
PhAsO with membrane thiol groups, resulting in a
balance between stimulation and inhibition of thiol
reactivity with PhAsO.
The experiments in Table 1 were conducted in
order to verify if the presence of Ca2q could affect
directly the reactivity of PhAsO with mitochondrial
membrane protein thiols. Mitochondrial membranes
were solubilized with 0.1% sodium dodecyl sulfate,
and treated with PhAsO in the absence or presence of
Ca2q. Mitochondrial membrane protein was then pre-
cipitated by the addition of trichloroacetic acid and
the protein thiol content was determined. We ob-
served that the decrease in thiol content of solubilized
mitochondrial membrane protein induced by PhAsO
is not altered by the presence of Ca2q. This suggests
that in intact mitochondria, Ca2q interacts with the
mitochondrial membrane, leading to alterations in
membrane properties and increased reaction of mito-
chondrial protein thiol groups with PhAsO.
In Fig. 4, the effect of different MPT inhibitors
was tested on mitochondrial swelling induced by
 . PhAsO in the presence panel A and absence panel
. 2qB of extramitochondrial Ca . Mitochondrial perme-
abilization induced by 15mM PhAsO in the presence
of extramitochondrial Ca2q is inhibited by cy-
2q closporin A, ADP, dibucaine and Mg Panel A,
.lines a, b, c and d, respectively . In the absence of
Ca2q, large amplitude mitochondrial swelling can be
 .induced by 60 mM PhAsO Panel B, line e . This
permeabilization is inhibited only by cyclosporin A
 .and ADP Panel B, lines a and b, respectively .
Dibucaine and Mg2q did not present a significant
 .inhibitory effect lines c and d, respectively . The
inhibition promoted by Mg2q and dibucaine only to
MPT induced by PhAsO plus extramitochondrial
Ca2q, and not to MPT induced by high PhAsO
concentrations, can be explained by a antagonistic
effect of these reagents on Ca2q binding to mem-
w xbrane phospholipids 21–23 .
Table 2 shows the effect of MPT inhibitors on the
decrease in mitochondrial membrane protein thiol
 .  .content induced by low 15mM and high 60 mM
concentrations of PhAsO in the presence and absence
of Ca2q, respectively. In the absence of PhAsO and
Ca2q, mitochondrial protein thiol content determined
with DTNB renders an absorbance at 412 nm of
0.454, corresponding to a protein thiol concentration
of approximately 52 nmolsrmg protein. This protein
thiol content is significantly decreased by the pres-
ence of PhAsO. Ca2q has a synergistic effect on the
protein thiol content decrease. As observed with
mitochondrial swelling, Mg2q and dibucaine antago-
nized the stimulatory effect of Ca2q on PhAsO-in-
duced decrease in mitochondrial membrane protein
thiol content, but had no effect on the decrease
induced by PhAsO in the absence of Ca2q. ADP
inhibited the decrease in mitochondrial membrane
protein thiol content induced both by PhAsO and
2q  .Ca and PhAsO alone. Cyclosporin A CsA did not
present an inhibitory effect on the decrease in protein
thiol content induced by PhAsO and Ca2q. All MPT
inhibitors used had no effect on mitochondrial mem-
brane protein thiol content in the absence of PhAsO
2q  .and Ca results not shown .
The experiments depicted in Fig. 5 were conducted
in order to verify if extramitochondrial Ca2q may
also regulate the opening of the MPT pore after
protein thiol reaction with PhAsO. MPT pore closure
can be detected by the restoration of mitochondrial
membrane potential, due to inner membrane reseal-
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w xing, after the permeabilization process 6,7 .
Rotenone-poisoned mitochondria were incubated in
the presence of extramitochondrial Ca2q, and succi-
nate was added in order to generate mitochondrial
 .membrane potential line b . If PhAsO was present in
the pre-incubation, mitochondria were not capable of
maintaining this membrane potential and a complete
 .dissipation was observed line c . The addition of
 .EGTA after 4 and 6.5 min lines d and e completely
restores the mitochondrial membrane potential. In
these situations, PhAsO has already reacted exten-
w xsively and irreversibly 9 with membrane protein
 .thiols see Fig. 4 , suggesting that the resealing of the
inner membrane is due to a direct effect of Ca2q on
regulating the permeability state of MPT. A further
2q  2qaddition of Ca for a free Ca concentration of
.15mM after membrane resealing promoted by EGTA
results again in membrane potential dissipation not
.shown .
4. Discussion
We have previously demonstrated that intramito-
chondrial Ca2q participates in various steps of MPT
related to protein thiol oxidation promoted by ROS,
 . 2qnamely i Ca causes enhanced electron leakage at
w xthe respiratory chain, leading to ROS generation 3,8 ;
 . 2q 2qii Ca mobilizes intramitochondrial Fe , increas-
ing the generation of the highly reactive hydroxyl
 .. w x  . 2qradical HO via the Fenton reaction 8 ; iii Ca
alters the reactivity of mitochondrial membrane pro-
tein thiol groups, rendering them more or less acces-
w xsible to reaction with ROS or thiol cross-linkers 9 .
In this regard, the use of thiol cross-linkers, sub-
stances that promote MPT by directly reacting with
membrane protein thiols, independently of ROS, may
add to the comprehension of the role of Ca2q in
promoting MPT. In this report, we use PhAsO, a
lipophilic thiol cross-linker that can promote MPT
even in the absence of Ca2q when used in high
w x w xconcentrations 12 . In a previous report 9 , we
showed for the first time a stimulatory role of extra-
mitochondrial Ca2q in MPT induced by PhAsO.
w xBernardi et al. 23 have demonstrated that high
concentrations of extramitochondrial Me2q, including
2q  .Ca I s0.2 mM inhibit MPT pore opening pro-50
moted by the uncoupling of Ca2q-loaded mitochon-
dria.
In this study we show that extramitochondrial
Ca2q enhances membrane protein thiol reaction with
PhAsO, increasing mitochondrial permeabilization,
estimated as mitochondrial swelling. These effects
are inhibited by substances that can antagonize the
effect of Ca2q, such as Mg2q, a competitive inhibitor
of Ca2q, and dibucaine, a local anesthetic that can
displace Ca2q from both protein and phospholipid
w xcomponents of membranes 21 . In fact, inhibition of
MPT by local anesthetics has also been reported in
conditions of intramitochondrial Ca2q-induced MPT
w x22,23 . The results shown in Table 1, using solubi-
lized mitochondrial membrane proteins, demonstrate
that mitochondrial membrane integrity is necessary
for a stimulatory effect of Ca2q on protein thiol
reactivity with PhAsO. Extramitochondrial Ca2q
probably acts changing mitochondrial membrane
properties, increasing membrane protein thiol reac-
tion with PhAsO. Both in the presence and absence
of Ca2q, mitochondrial swelling and membrane pro-
tein thiol oxidation was inhibited by ADP, a well
w xknown MPT inhibitor 7 . It has been previously
reported that MPT inhibition promoted by ADP is
reversed by the addition of atractyloside, and is there-
fore related to conformation changes of the
w xADPrATP translocator 6,7,24 . In this report we
show that the inhibition of MPT promoted by ADP
does not depend on the presence of Ca2q as an MPT
inducer and that ADP inhibits not only mitochondrial
permeabilization, but also membrane protein thiol
reaction with PhAsO. Based on these results, we
propose that changes in the conformation of the
ADPrATP carrier promoted by ADP may decrease
the reactivity of membrane protein thiol groups with
ROS or thiol cross-linkers, inhibiting MPT. The ex-
periments in Fig. 4 also show that cyclosporin A
inhibits PhAsO-induced mitochondrial membrane
permeabilization both in the presence or absence of
Ca2q, but does not affect membrane protein thiol
 .reaction with PhAsO Table 2 . This suggests that
cyclosporin A inhibits directly MPT pore opening,
and not membrane protein thiol cross-linkage.
We have not succeeded in demonstrating that
mitochondrial permeabilization induced by reactive
 .oxygens species ROS is also favored by extramito-
chondrial Ca2q. This may be explained by the fact
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that intramitochondrial Ca2q is necessary in ROS-in-
duced mitochondrial permeabilization to increase
electron leakage at the level of the respiratory chain
 w x.  .y.see Ref. 8 , leading to superoxide anion O2
generation, and for the mobilization of intramitochon-
2q  w x.drial Fe see Ref. 8 , which is necessary for the
production of the highly reactive hydroxyl radical
 ..  2q 3qHO via Fenton’s Reaction H O qFe “Fe2 2
. y.qHO qHO . Another possibility is that extramito-
chondrial Ca2q-stimulated MPT is specific to PhAsO
and analogues.
It is interesting to note that both in the presence or
absence of Ca2q, the total protein thiol reaction with
 .a high concentration of PhAsO 90 mM is equal
 .Fig. 2, Panel B , while mitochondrial swelling in the
absence of Ca2q is 40% less extensive in the absence
2q  .of Ca Fig. 2, Panel A . This may be attributed to
Ca2q directly stimulating mitochondrial permeabi-
lization due to the opening of the MPT pore, as was
confirmed by the results in Fig. 5.
Fig. 5. Effect of EGTA on mitochondrial membrane potential
disruption induced by extramitochondrial Ca2q plus PhAsO.
 .RLM 0.5 mgrml were added to reaction medium containing
125mM sucrose, 65 mM KCl, 10 mM Hepes buffer pH 7.2,
25mM EGTA, 4 mM rotenone and 5mM safranine. Where indi-
 .cated, 1mM RR, 10 mM PhAsO and 2 mM succinate SUCC
 . 2qwere added lines a–e . Ca was added together with PhAsO in
2q  .order to obtain a free Ca concentration of 25mM lines c–e .
In lines d and e, 200 mM EGTA was added were indicated, after
membrane potential dissipation. Line a represents an experiment
in which mitochondria were incubated initially in the presence of
200 mM EGTA. Line b represents a control experiment in the
presence of Ca2q and in the absence of PhAsO.
The results depicted in Fig. 5 show that the re-
moval of extramitochondrial Ca2q determines a re-
establishment of mitochondrial membrane potential
 .MPT pore closure dissipated by PhAsO and extra-
mitochondrial Ca2q. Mg2q and dibucaine did not
antagonize this extramitochondrial effect results not
.shown , suggesting that this effect may be due to
Ca2q binding to a site different from the site that
promotes alterations in protein thiol reactivity. It has
been proposed previously that Ca2q may act as a
regulator of the openrclosed state of the MPT pore,
determining if the mitochondrial membrane shall re-
w xmain permeable or impermeable 7,23 .
In conclusion, the results presented here show that
extramitochondrial Ca2q has an important role pro-
moting and regulating the opening of the MPT pore
induced by thiol cross-linkers. The findings also em-
phasize the importance of the use of thiol cross-lin-
kers in order to better understand MPT, which may
occur in pathological states such as ischemiarreper-
fusion. In this situation, cytosolic Ca2q concentra-
w xtions may reach 1–5mM 25 , within the concentra-
tion range for the effects observed in this report.
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